Full-dimensional and reduced-dimensional calculations of initial state-selected reaction probabilities studying the H + CH4 → H2 + CH3 reaction on a neural network PES J. Chem. Phys. 142, 064309 (2015) Rigorous quantum nonadiabatic calculations are carried out on the two coupled electronic states (1 2 A and 2 2 A ) for the C + CH reaction. For all calculations, the initial wave packet was started from the entrance channel of the 1 2 A state and the initial state of the CH reactant was kept in its ground rovibrational state. Reaction probabilities for total angular momenta J from 0 to 160 are calculated to obtain the integral cross section over an energy range from 0.005 to 0.8 eV collision energy. Significant nonadiabatic effects are found in the reaction dynamics. The branching ratio of the ground state and excited state of C 2 produced is around 0.6, varying slightly with the collision energy. Also, a value of 2.52 × 10 −11 cm 3 molecule −1 s −1 for the state selected rate constant k (v = 0, j = 0) at 300 K is obtained, which may be seen as a reference in the future chemical models of interstellar clouds.
I. INTRODUCTION
Reactions that involve neutral radical and open-shell species have been paid major attention in atmospheric and interstellar chemistry.
1, 2 The title reaction C + CH → C 2 H → C 2 + H falls into this category of reactions. Although great progress has been made in measuring the rate constants for rapid neutral-neutral reactions at low temperatures 3 experimental difficulties have prevented the measurement of low temperature rate constants for reactions between atomic and molecular radicals, with one exception. 4 This lack of experimental measurements makes theoretical calculations on these reactions all the more desirable.
While there is, to the best of our knowledge, no experimental work concerning the kinetics of the C + CH reaction, there are some theoretical calculations on the title reaction. [5] [6] [7] [8] [9] Tang et al. have carried out quantum calculations on the adiabatic 1A and 2A electronic states, respectively, employing the time-dependent wave packet (TDWP) method, 5, 6 and have evaluated the corresponding cross sections and rate constants by the J-shifting approximation. Boggio-Pasqua et al. 7 have performed a quasi-classical trajectory (QCT) study of the title reaction on the three lowest adiabatic potential energy surfaces (PESs) constructed by themselves, yielding the corresponding cross sections and rate constants. Also, Zhang et al. 8 studied the cross sections, as well as some stereodynamics information, using the QCT method on the same adiabatic 1A PES. The conical intersection between the two states of C 2 H requests nonadiabatic treatments for the title reaction. However, all the calculations mentioned above are performed on the adiabatic PESs, but there is an exceptional study. In this study by Halvick et al., 9 the calculations were carried out on two coupled PESs employing the trajectory surface hopping (TSH) method. The energy and angle distributions in a) Authors to whom correspondence should be addressed. the products were presented, and an electronic branching ratio X : a close to 2 : 3 was found. Here we make a table, Table I , comparing the cross sections on the 1A electronic state, to show the necessity of the nonadiabatic calculations for the title reaction. The data are from the same group, but obtained by means of QCT (Ref. 7) on the adiabatic PES and TSH (Ref. 9) on the diabatic PESs, respectively. A reduction of 70% or so in ICSs could be easily seen when taking account of the nonadiabatic effects. That is to say nonadiabatic effects are important for the dynamics on the 1A state. To the best of our knowledge, so far none of nonadiabatic quantum calculations have been performed for the C + CH reaction. Hence, we intend to study the nonadiabatic dynamics using the most rigorous quantum method.
The paper is organized as follows. In Sec. II, we briefly describe the PESs used in this study. Then in Sec. III theory and computational details are presented. In Sec. IV, results of the calculation are given and discussion of those results is also included. Our conclusions are given in the last section.
II. POTENTIAL ENERGY SURFACES
Boggio-Pasqua et al. 10 have performed a complete active space self-consistent field (CASSCF) study of some parts of the 18 lowest adiabatic PESs involved in the reaction C + CH → C 2 H → C 2 + H, and later built an analytical representation for the three lowest states, 7 which correspond to the X 2 + and A 2 states of C 2 H. These PESs have been constructed from ab initio data which are of the multireference configuration interaction variety and were carried out using a polarized triple-zeta basis set. The three surfaces are expressed within the double many-body expansion scheme, [11] [12] [13] and belong to the 2 A and 2 A symmetry species, denoted as 1 2 A , 2 2 A , and 1 2 A . Later, using the ab initio adiabatic energies and the dipole moment, a 2 × 2 diabatic representation for the two lowest 2 A states was built. 14 These states have linear 
III. THEORY AND COMPUTATIONAL DETAILS
The nonadiabatic time-dependent quantum wave packet (NATDQWP) method developed by Han and co-workers [16] [17] [18] [19] is employed in the present calculations. Since the pioneer- ing work of Han and co-workers, [16] [17] [18] [19] [20] [21] interest of nonadiabatic reactive dynamics of chemical processes has greatly grown. Now NATDQWP method has become benchmark one in the field. In this quantum nonadiabatic study, the electronic and spin angular momenta of both reactants and products are ignored. In terms of these coordinates, the Hamiltonian operator of the time-dependent Schrödinger equation within a diabatic electronic basis for C + CH reaction system involving two electronic states can be written as
where r and R are the diatomic (C-H) and atom-diatomic (C-CH) distances, μ r and μ R are the corresponding reduced masses, andĴ andĵ represent the total angular momentum operator and the rotational angular momentum operator of CH. V(r) is the reactant diatomic reference potential. The wave function is a column vector,
with i being the expansion coefficient obtained by expanding the multi-state wave function in a diabatic electronic basis {ϕ i } (i = 1, 2). i describes the nuclear motion in the ith electronic state, and can therefore be expanded in terms of body-fixed translational-vibrational-rotational basis as
where n is the translational basis label, M is the projection quantum number ofĴ on space-fixed z axis, (v 0 , j 0 , k 0 ) presents the initial rotational state, and p is the system parity. 18 V(R, r, θ ) denotes the matrix representation of the overall potential energy curve excluding V(r) in the diabatic electronic basis,
We can further express
in whichĴ z andĵ z are the projections of operatorsĴ andĵ onto the body-fixed z axis andĴ ± andĵ ± are the corresponding raising (+) and lowering (−) operators. The last two terms in Eq. (5), which are ignored in the centrifugal sudden approximation, represent the Coriolis coupling. Otherwise, if the Coriolis coupling is included in the calculation, as it is in our calculations, such treatment is called the coupled channel calculation. The Schrödinger equation can be numerically solved through the time propagation of the wave function by applying a modified split-operator scheme. 17, 18, 20, 21 The reaction probability can be obtained by evaluating the flux through a fixed surface. Then the initial state (v 0 , j 0 ) specified integral cross section (ICS) for electronic state i can be calculated by summing over the probabilities for all possible partial waves (total angular momenta J),
where
E is the collision energy, and P J v 0 j 0 k 0 ,i (E) are the initial state (v 0 , j 0 , k 0 ) specified reaction probabilities for the partial wave J on the ith electronic state. Here, we introduce the partial cross section defined as below
and the ICS can, thus, be expressed as
By assuming a Maxwell-Boltzmann distribution over the translational energy, the initial state-specified rate constants involved two PESs are then given by
where k B is the Boltzmann constant, T is the temperature, and f (T) is the electronic degeneracy factor. For this title reaction, both surfaces are correlated to reactants C( 3 P g ) + CH(X 2 ). While C( 3 P) consists of one state in the lowest 3 7 Therefore, an extra temperature-dependent factor, which accounts for the electronic degeneracies for the title reaction can be assumed to be
This factor goes asymptotically to 1/18 at high temperatures and to 1 at low temperatures. For more details about the method, the readers are referred to Ref. 22 .
To determine the optimal numerical parameters, we have carried out extensive convergence tests with the J = 0 Hamiltonian for the initial state of CH (v 0 = 0, j 0 = 0, k 0 = 0) on the adiabatic ground state. The chosen parameters were then also employed for J > 0 calculations. The final parameters used in the calculations are shown in Table II . For all the calculations performed, the CH molecule was kept in its ground rovibrational state. Because of an energy barrier of 0.63 eV located in the reactants channel of the 2 2 A surface and since there is no barrier along the entrance channel of the 1 2 A surface, each wave packet would be started on the 1 2 A surface. Owing to the nonadiabatic couplings between the two electronic states, the wave packet can redistribute between the two coupled states during the propagation, finally producing two states of C 2 , X and a, on the exit channel of the 1 2 A state and 2 2 A state, respectively. The channel for exchange reactions that produces CH + C is not open within the energy range we considered.
Two strategies are utilized to overcome the computational challenges associated with this system. First, an OPENMP parallel quantum dynamics code is used in the calculation. Second, only reaction probabilities for J = 0 -40, 45, 50, 55, . . . , 160 are calculated. Then a capture model method 23, 24 is used to estimate the integral cross sections, which is the best suited for barrier-free reactions involving deep wells. [25] [26] [27] [28] Linear scaling up to four nodes was achieved on an Intel Core 2 Quad CPU Q6600 machine. It took about 18 days and 7.3 G memory space for each J value larger than 6, demonstrating that the present calculations are very challenging.
IV. RESULTS AND DISCUSSION
Before presenting the integral cross sections we will discuss reaction probabilities for J = 0 and J > 0 and the partial cross sections. Figure 2 shows the reaction probabilities for several selected partial waves versus collision energy for the C 2 + H products arrangement channel obtained from nonadiabatic calculations on the two coupled electronic states. The black-solid lines represent reaction probabilities that lead to C 2 (X) + H product on the 1 2 A electronic state, while the red-dashed lines represent reaction probabilities that lead to C 2 (a) + H product on the 2 2 A electronic state. At first glance one can see that it is a state of C 2 which is more abundant in the energy range studied. Further, it seems the differences become smaller as the collision energy increasing, especially for large J values. Also, for all total angular momenta shown here, due to the deep well before products formation, the reaction probabilities show a rich structure. This phenomenon is consistent with the nature of the PES which is slightly attractive at long distance due to dispersion forces and has no barrier for reaction. And for different J values, the probabilities are shifted to higher energies as expected by the effect of centrifugal barriers. The probabilities generally decrease with increasing collision energy.
To investigate the contributions of different J values to the integral cross sections, we present here the partial cross sections, for the initial state of CH (v = 0, j = 0), versus J at several fixed energies, see Fig. 3 . The figure shows results at four fixed collision energies, 0.1, 0.3, 0.5, and 0.7 eV. One can see that, at the four energies, the partial cross sections for both channels, producing C 2 (a) and C 2 (X), are similar. The magnitude typically increases with J almost linearly with a relatively sharp drop once the largest contributing J values are reached. Some small oscillations are seen in the partial cross sections, presumably due to the oscillatory energy dependency of the reaction probabilities. The slopes of the straight-line-like cross sections decreasing with the collision energy results from the feature of energy dependence of the reaction probabilities. Further, the two channels are competitive, with the one leading to the a state of C 2 preferred. We will give a comparison in the next paragraph. Because of the barrierless nature of the title reaction along the entrance channel of the 1 2 A state, a large number of partial waves contribute to the cross sections. It can be seen that even at a collision energy of 0.1 eV, almost 70 individual partial waves are needed to converge the cross section.
The capture model method is a well-known technique for estimating integral cross sections from only a few reaction probabilities of individual partial waves. The start point of this method is to evaluate the effective potential of the PES which is calculated for the reactant channel. Hence we used the entrance channel of the 1 2 A state, where the initial wave packet was started, to calculate the effective potential for both states of the reaction system. According to the barrier height of the effective potential, we could estimate the reaction probabilities for the missing J values and obtain the reasonable integral cross sections.
Here we present the integral cross sections for the title reaction on the two coupled states in Figure 4 as well as the total integral cross section which is the sum over the results for the two coupled states. Our results are shown for collision energy from 0.005 to 0.8 eV. For clarity, the ICSs over 50 Å 2 were truncated. It can be seen that the ICSs are relatively smooth after summing over all the contributing partial waves, though the reaction probabilities show lots of resonant structures. And the ICSs on both electronic states follow the feature of barrierless reactions with the ICSs decreasing exponentially with energy. Further, the ICSs that produce a state of C 2 are always larger than the ICS for the X state. Because the crossing seam is located near the bottom of the potential wells (Fig. 1) , and the intermediate complex is relative longlived, which can be seen from the rich structures of the reaction probabilities, one could assume the reaction flux is divided into almost equal parts. However, we find the branching ratio of X state and a state of C 2 produced is around 0.6, varying slightly with the collision energy. It could be contributed to the shapes and respective positions of the PESs. For comparison, the results from TSH calculations at four collision energies, E = 0.1, 0.3, 0.5, and 0.7 eV, 9 are also presented in this figure, denoted with symbols of solid squares, triangles, and diamonds. The ICSs from nonadiabatic TDWP method are a bit smaller in magnitude than those from TSH method. The small differences are probably resulting from the different methods used or from the capture model employed to obtain the cross section. However, the differences are so small that we can consider the agreement to be very good. Up to date, no direct experimental rate constants are available for the C + CH reaction, only estimates deduced from other experimental data have been proposed. 2, [29] [30] [31] Thus, a reliable theoretical method investigating this reaction is necessary. Before integrating the ICSs over the thermal distributions with the help of Eq. (10), we made a cubic spline interpolation of the ICSs, and finally got 40 000 pairs of data in the energy range of 0.005-0.8 eV with an interval of 0.0002 eV. Because of the barrierless nature, the ICSs are extremely large at almost zero threshold, which will affect the rate constants significantly in the low temperature range, so we can only get converged results down to 100 K or so according to the energy range we studied. At last, we display the state selected rate coefficients k (v = 0, j = 0) with black-solid line in Figure 5 , which is what astrochemists will be interested in. Our theoretical value at 300 K is 2.52 × 10 −11 cm 3 molecule −1 s −1 . At low temperatures, and up to a few hundred K, only the vibrational ground state and a few of rotational excitation states of CH are populated. Thus, the differences between the state-selected rate constants and the total rate constants are expected to be small, which allows us to compare our theoretical results with the experimental data. A temperature-independent estimated value of 6.59 × 10 −11 cm 3 molecule −1 s −1 , which was recommended by Smith et al., 2 is given in the latest UMIST database for astrochemistry, 29 for temperatures ranging from 10 K to 300 K. A second estimate of k at 300 K has been proposed by Westley, 30 but this value is even lower by a factor of 10. Markus and Roth 31 also suggested a third value of 4.15 × 10 −10 cm 3 molecule −1 s −1 at room temperature. Considering that experimental results concern the rate of consumption of a reactant, a greater value was expected from the experimental measurements, since our calculations can only take a few of PESs involved in the kinetics of this reaction into account. At this point, the first value seems in good agreement with our predictions, while the third one over estimated. When you note that the accuracy of the first estimated value is a factor of 2, 29 the agreement is even better. In the same figure, we also present the results for adiabatic rate constants by means of the adiabatic TDWP method on the 1A PES 5 to check the effect of nonadiabatic effects to the rate constants. From the comparison, we could see the necessity to do the nonadiabatic calculations obviously. Maybe in the future, more PESs involved in the reaction need to be taken into account.
V. CONCLUSION
We have performed rigorous quantum nonadiabatic calculations on the two coupled PESs for the C + CH reaction. From the results presented above, significant nonadiabatic effects are found in the reaction between 1 2 A and 2 2 A states. When the initial wave packet is started from the entrance channel of 1 2 A state, the branching ratio of X state and a state of C 2 produced is around 0.6, varying slightly with the collision energy. For T = 300 K, the initial state-specified rate constant involved the two lowest PESs, value of 2.52 × 10 −11 cm 3 molecule −1 s −1 , is obtained. At last we should mention that, for all results in this study, the initial state of reactant CH diatom was kept in its ground rovibrational state. So next, we would investigate the effects of vibrational and rotational excitation to the nonadiabatic effects and to the thermal rate constants using nonzero total angular momentum in the C + CH reaction. 
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